Novel silica xerogels are prepared and developed by sol-gel method in the present study. The preparation involves cobalt-doping within the organic templated silica matrices, where methyltriethoxysilane (MTES), which contains methyl groups as a covalently bonded organic template is used. The synthesis and surface properties of cobalt-doped methylated microporous silica xerogels with different MTES and cobalt content are revealed by surface and microstructural techniques, such as TGA, FTIR, X-ray and N2 adsorption measurements. The doping process enhances the thermal stability of the silica xerogels up to ~ 560 °C in oxidizing atmosphere. Besides, this process has no significant effect on the incorporation of the organic template within the silica matrix. As result of the promoted densification of the xerogels either by increasing MTES content and heat treatment, there is structural change of the silica xerogels such as decreasing the micropore volume and broadening of the pore size distribution. Heat treatment and increasing the cobalt oxide content from 5 to 10% weight ratio resulted in samples with approximately the same structural parameters. This suggests that the cobalt particles are homogeneously dispersed in the silica matrix. The novel silica xerogels exhibit trend toward micropores formation suggesting that these doped silica xerogels can be precursor materials for molecular sieve silica membranes applications. Two silica membranes, hydrophobic and cobalt-doped hydrophobic, are prepared and their performance is examined by the study of transport of He, H2 and N2. Preliminary results show that the microporous structure obtained in the unsupported cobalt-doped hydrophobic material are preserved after coating inside the tubular support.
INTRODUCTION
In recent years many strategies have been reported to produce composite membranes for gas separation such as ionic liquids, semi-crystalline polymers (PEA) or mixed matrix membranes (MMM) [1] [2] [3] . The need for high thermal stable material for that application is still a topic of growing interest. Microporous silica materials have attracted considerable attention because of their characteristics features as molecular sieving properties. A great demand for those materials impulse the modification of the silica membranes to achieve high performance at high temperature conditions and hydrothermal stability of microporous silica materials is an area of increasing research interest [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Microporous silica materials with well-controlled physical and chemical properties can be readily synthesized by the sol-gel method involving two main steps: hydrolysis and condensation reactions of the metal alkoxide as described elsewhere [15] [16] [17] . The polymeric sol-gel process depends mainly on the control of hydrolysis and condensation reactions. In turn, several studies focused on production of molecular sieving structures with very small pore size distribution in the region of ~ 1 nm or lower. Hence, the sol-gel process is a promising way for obtaining microporous silica materials for gas separation [8, [18] [19] [20] [21] [22] [23] [24] .
Several attempts of synthesis were designed to prepare unsupported/supported modified silica membranes in order to improve the surface properties of the silica matrix towards molecular sieve applications. One of them consists on template-based approach in which organic templates can be classified as covalently or non-covalently bonded to the siloxane network [25] . In this regard, surface modification using different organic template agents have been reported intensively in the literature [8, [24] [25] [26] [27] [28] [29] [30] [31] [32] . Methyltriethoxysilane (MTES), which contains methyl groups as a covalently bonded organic template, is the most common precursor to incorporate organic groups within the oxide network [32] . The tailoring of the silica architectures was achieved via sols prepared using TEOS and MTES, in absolute ethanol, water, and nitric acid. The organic templates, trapped in the silica matrix, can be burnt off under oxidizing atmosphere [8, 12, [26] [27] [28] 33] . Independent of the organic templates used, they show the same behavior at high temperature [26] .
The thermal stability of the organic templated silica xerogels, containing MTES, has been studied in both inert and oxidizing atmospheres resulting stable up to 400-500 ⁰C in both cases [8] . The burnt off can be exploited to generate more micropores, affecting the separation properties of silica membranes as reported by Raman et al. [34] . The thermal removal of the organic template hybrid silica depends mainly on the temperature and occurs through continuous condensation reactions that replace the lost of carbon with hydroxyl and siloxane bonds. This leads to continuous microporous network formation as in addition to silica densification originated by the reduction in silanol groups [28, 34] . Incorporating a metal and/or metal oxide in the sol-gel process is other attempt to produce metal-doped molecular sieve silica membrane. For that purpose metal oxides or metaldoped silica sols were prepared through the hydrolysis and condensation of Tetraethylorthosilicate (TEOS) in ethanol and hydrogen peroxide or nitricacid with metal salts, such as hydrated cobalt and nickelnitrate salts or niobium alkoxide. Fine control of the silica matrix and pore size tuning was possible using sol-gel processes [35] [36] [37] [38] .
Over the last decades, silica materials have been shown to develop promising properties both in terms of permeability and selectivity, particularly towards separation of small kinetic diameter gases such as H 2 [4] . Recently, El-Feky et al. reported a novel unsupported silica membrane and the preparation involved cobalt-doping within the matrix of organic templated silica material (hybrid silica) [8] . Such hydrophobic material showed a high thermal stability (up to 500-600 ºC) in both oxidizing and inert atmospheres. Therefore, a novel hydrophobic microporoussilica membrane material, with high thermal stability, have been achieved which can be a precursor material for molecular sieve silica membranes applications. For gas separation applications, especially using tubular membrane module, a tubular or hollow fiber membrane design is considered as a convenient geometry to enhance module packing factor if compared with disk shape membranes [39] .
The aim of the present work is to investigate the effect of two parameters: study the characteristics of cobalt-doped organic templated xerogels containing different contents of covalently bonded methyl ligands (MTES) and constant cobalt content (Co: Si weight ratio of 3%). Besides, study the effect of different amounts of cobalt doping in organic templated xerogel matrix with invariant content of covalently bonded methyl ligands (50% TEOS: 50% MTES). Investigation of the heat treatment, especially in oxidizing atmosphere, on the silica matrices was studied as well. For comparison, the temperatures selected in this work are below and above the temperature at which the removal of the organic constituents occur for cobaltdoped hybrid silica (around 560 °C) [8] . Fundamental aspects of the xerogel characterization such as Fourier transform infrared (FTIR), X-ray diffraction, Thermo gravimetric analysis (TGA) as well as the micropore characterization aspects are reported in this study. In order to explore the feasibility of this material in tubular membrane modules for membrane reactors applications, the membranes performance is examined based on the transport analysis of He, H 2 and N 2 . The influence of temperature and pressure on membranes permeability and selectivity are studied as well.
EXPERIMENTAL SECTION

Materials and Methods
Tetraethylorthosilicate
(TEOS, 98%, Acros Organics), methyltriethoxysilane (MTES, 98%, Acros Organics), ethanol (EtOH, 96% V/V extra pure, Acros Organics), nitric acid (HNO 3 , Acros Organics) and cobalt nitrate (99% pure, Acros Organics) were purchased from Scharlab. Distilled water was used for the sols preparation.
Xerogels Preparation
The silica sols were prepared by the acid-catalyzed hydrolysis and condensation process. Tetraethylorthosilicate (TEOS) and Methyltriethoxysilane (MTES) were used as the silica precursors mixed with ethanol (EtOH), nitric acid (HNO 3 ), cobalt nitrate (as metal salt) and distilled water as described previously [8] . To avoid the partial hydrolysis during the addition of EtOH to TEOS at room temperature thus, alkoxide/ethanol mixture was placed in ice bath and then acid/water mixture was added drop wise with continuous stirring [32] . For metal doping, a solution of cobalt nitrate in ethanol was used as described previously [8, 40] .
Cobalt-doped methyl ligand templated silica xerogels were prepared as follow: after addition of HNO 3 /H 2 O mixture to TEOS/EtOH mixture. The sol was refluxed under stirring in water bath at 60 ⁰C for 165 minutes. The reaction mixtures had a (based on starting materials) TEOS: EtOH : H 2 O : HNO 3 molar ratio of 1 : 3.8 : 6.4 : 0.085 according to the recipe of the silica sol preparation [41] . Afterwards, mixture of MTES/EtOH solution, which has been placed for 5-10 minutes in ice, and the ethanol solution of the metal salt were added to the reaction mixture and the final sol was refluxed for an additional 15 minutes [8] . The molar ratio of MTES/EtOH solution was X : 3.8, where X = 0.25 -4, in order to have different mol% of MTES such as 20, 40, 50, 60 and 80 mol%. For instance, for 50% MTES, the mixture had a (based on starting materials) TEOS : MTES : EtOH : H 2 O : HNO 3 molar ratio of 1 : 1 : 7.6 : 6.4 : 0.085. In this case the metal salt to metal alkoxide (Co: Si) weight ratio used was 3% for all materials with varying MTES content. The amounts of metal salt were calculated in order to prepare solution of 10% wt/vol of cobalt nitrate in ethanol [8, 40] . Throughout this study the cobalt-doped methyl ligand template silica xerogels are referred to as Co-X% MTES, where X=20, 40, 50, 60 and 80.
For the xerogels with different cobalt content, the metal salt to metal alkoxide (Co: Si) weight ratio used was varied from 3% to 10%. The different cobalt-doped methyl ligand templated silica xerogels are referred to as MTES-X% Co, where X=3, 5, 8 and 10, maintaining the relation 50% TEOS: 50% MTES. All silica sols were allowed to evaporate in Petri-dish at room temperature so that silica flakes, xerogels, were obtained overnight. Xerogels samples were crushed finely to obtain powders, which were used for characterization, and calcined in air at a heating and cooling rate of 1 ºC/min, and held for 3 hours at 400 ⁰C and 2 hour at 600 ⁰C.For X-ray comparison of the different xerogels, silica powders were mixed with Co 3 O 4 with weight ratio 3%. Cobalt oxide was prepared by calcination of cobalt nitrate in air at 400 ºC.
Characterization of the Xerogels
Thermogravimetric analysis (thermogravimetry, TGA and differential thermal analysis, DTA) was used to investigate the processes taking place during the heat treatment. This analysis was carried out for dried xerogels in a Thermobalance TGA7 by Perkin Elmer, in synthetic air with a constant flow rate of 290 cm 3 min -1 and a heating rate of 10 ⁰C min -1 from room temperature to 900 ºC.
Fourier transform infrared (FTIR) characterization was carried out to determine functional groups within the bulk silica matrix using ATR cell (FTIR 680 Plus JASCO). The absorption spectra were recorded in the 500-1500 cm -1 range. The spectrum of each sample represents an average of 32 scans. With the aim of comparison, all FTIR spectra were normalized with respect to the maximum absorbance value for each sample.
XRD for phase detection was conducted using a Siemens D500 diffractometer (Bragg-Brentano parafocusing geometry and vertical θ-θ goniometer). The angular 2θ diffraction range was 5⁰ to 70⁰. The crystallite size was determined from the line broadening of the diffraction line at 2θ = 36.8⁰ using the Scherrer equation.
Textural characterization of the synthesized samples was determined by nitrogen adsorption isotherms measurements at -196 ºC in the range 3×10 -7 <P/P 0 < 0.995. The measurements were performed in a Quantachrome Autosorb-iQ adsorption analyzer. Prior to the analysis, the samples were degassed at 250 ºC under vacuum for 12 h. The pore size distribution was calculated from the nitrogen adsorption data using the NLDFT (Non Localized Density Functional Theory) based on a cylindrical poreequilibrium model.
Preparation of Supported Hydrophobic Silica Membranes
Two silica membranes, hydrophobic (Hyd-Si) and hydrophobic 3% cobalt-doped silica membrane (Hyd-Co-Si) were prepared. The membranes were coated on inside monochannel γ-Al 2 O 3 substrates supported by α-Al 2 O 3 (inopor, Germany) with porosity of 3 µm and 5 nm, respectively. The outer and inner diameters of the support are 10 and 7 mm, respectively. The supports were modified and coated several times with the prepared (fresh) sol and then with diluted one, 1: 2 EtOH (3xdilution). The coating processes were performed by using vacuum pump (THOMAS Picolino VTE 3) in order to introduce the sols inside the support channel. After the sol had been introduced, it was kept for an appropriate time inside the support channel; with the purpose to ensure the sol to penetrate in the pores of the support, and therefore modify the intermediate layers of the hydrophobic membranes. These coating processes of the support were repeated four times for each membrane. Finally, the separation layer consisted of the 1: 19 EtOH diluted sol (20x dilution) and this layer was coated six times. After each coating, either for the intermediate or separation layers, the membranes were calcined in air, for Hyd-Co-Si, or in N 2 , for Hyd-Si, at a heating and cooling rate of 1 °C/min, and held for 3 hours at 400 °C. The trend of several coating for intermediate layers preparation and top separation layers was reported by Diniz da Costa et al. [18] . The membrane notations throughout the present work are listed in Table 1 .
Gas Permeance Measurements
Membranes performance was characterized by means of single gas permeation. The tubular hydrophobic membranes were measured in a dead-end mode as depicted in Figure 1 . The set-up for tubular membranes consists of a tubular membrane module and the temperature was controlled with a PID controller.
Single gas component permeance measurements were carried out for He, H 2 and N 2 at temperatures ranging from room temperature to 150 °C and pressure differences ranging from 0.5 bar to 3 bar. Ambient moisture can easily condense inside silica micropores, therefore the membranes were dried overnight at 150 °C. All gases were equilibrated for at least half an hour to ensure a constant flow.
RESULTS AND DISCUSSION
Thermogravimetric Analysis
Thermogravimetric analysis was used to investigate the processes occurred during the heat treatment as well as the stability of the organic template (methyl ligands) in oxidizing atmosphere. The weight loss curves of the MTES-X% Co as function of temperature (TGA curve) and the differential weight loss (DTA curve) are shown in Figure 2 . For all samples, also with different MTES content, the initial weight losses from room temperature to ~ 150 °C are mainly attributed to physisorbed water molecules trapped in the silica matrix in addition to the loss of free solvent molecules [26, 28] . The weight loss from ~ 150 to ~ 240 °C is due to the dehydration of cobalt nitrate and the removal of the nitrous gasesand increased as the cobalt content increased [42, 43] . The heat treatment from ~ 240 to ~ 500 °C leads to further condensation reaction, i.e. removal of the water and alcohol from the silica matrix [28, 34] . Recently, metal-doped organic templated silica xerogel, was reported that it is thermally stable in an oxidizing atmosphere up to ~ 560 °C, and more thermally stable than the non-doped one in an inert atmosphere [8] .The present study confirm the higher thermal stability in oxidizing atmosphere, regardless the MTES content. This could be related to cobalt composites with silica matrix resulting in the formation of Si-O-Co [8, [44] [45] [46] . It has been reported that the weight losses of the organic templated increased with increasing the molar ratio of MTES in the silica matrix and it is also the same case in the present study [28] . Table 2 shows the weight losses of the organic template between 500-800 °C. It can be observed that weight loss increase more than twice when MTES content reach 50%. Thus, molar ratios of sols prepared with MTES: TEOS are generally preferred to be lower. Figure 3a shows the FTIR spectra of dried and calcined Co-50%MTES. Figure 3b shows the FTIR spectra of MTES-10% Co dried and calcined at 400 and 600 °C (other Co-doped xerogels showed equivalent spectra). The IR bands corresponding to silanol and siloxane bonds appear in the range from ~ 600 to ~ 1450 cm -1 , for all samples that were treated at various temperatures. Bands at ~ 770 -810 cm -1 and at ~ 1035 cm -1 were assigned to siloxane bonds (Si-O-Si) [6, 8, 47, 48] . Bands at ~ 930 cm -1 was assigned to silanol bonds (Si-O-H). This band appears strongly for the dried silica and decrease in intensity after calcination process at 400 and 600 °C. This is in good agreement with what have been reported in the literature [8, 18, 28, 49] . This decrease in intensity is attributed to the polycondensation process which is responsible for the transformation of silanol to siloxane bonds. The band at ~ 1273 cm -1 was assigned to asymmetric vibration of the CH 3 group [8, 14, 32, 47, 48] . This band appears strongly for the dried and the calcined sample at 400 °C whereas it is unobservable for MTES-X% Co (with X = 3, 5, 8, 10) and Co-X%MTES samples, where X = 20, 40 and 50,calcined at 600 °C.
Infrared Spectroscopy
Inset graph in Figure 3a shows the FTIR spectra of Co-60% MTES and Co-80%MTES samples calcined at 600 °C where the band of the CH 3 group is still observable. These results clearly indicate that for Co-X% MTES samples with low MTES content (when X = 20, 40 and 50), most of the organic template (methyl ligands) decomposed or pyrolyzed due to heat treatment in oxidizing atmosphere. According to TGA results around that temperature the decomposition process occurred for all Co-X% MTES samples. Although a high decomposition or pyrolysis processes (high weight losses) occurred as the MTES content increased, when X > 50 mol%, a proportion of the methyl ligands still trapped in the silica matrix. Therefore, the band that was assigned to asymmetric vibration of the CH 3 group was observed (see inset graph in Figure 3a) .
As the calcination temperature increased, the band at ~ 1035 cm -1 , which was assigned to siloxane bonds (Si-O-Si) for the dried samples, shifted with a broad shoulder towards ~ 1040 and 1050 cm - was assigned to cobalt, in oxide form Co 3 O 4 ; this band appeared after the calcination process whereas this band was no present before the calcination process [6, 8, 45, 50] . As there is no distinguishable peak at ~ 670 cm -1 for Co-X% MTES these results suggest that the interaction between the methyl ligand templated xerogel matrix and cobalt species depend on the cobalt content as will be mentioned in X-ray section. 
X-Ray Analysis
It was reported that as the amount of cobalt content increased,the formation of crystalline Co 3 O 4 was obtained. Besides, the treated samples at 400 °C with low cobalt content appeared amorphous [8, 46] . In the present study, the calcined samples with varying MTES content are X-ray amorphous. The results of the calcined MTES-X % Co samples are shown in Figure 4 where it can be seen the difference in their XRD diffractograms which indicates that the nature of the cobalt species and their interaction with the silica matrix strongly depend on both the cobalt content and heat treatment. The result of the MTES-3%Co sample seems amorphous [8] , while as the cobalt content increases from 5 to 10%, the peak intensity of (100) for Co 3 O 4 (2θ = 36.8⁰) increases as well. Moreover, the crystallite size of Co 3 O 4 species determined by the Scherrer equation, increases from about 5 nm for 5%-Co to 7 nm for 8%-Co and 8 nm for 10%-Co. Besides, the peak intensity of silica powder with 3% wt. of Co 3 O 4 was higher than that of the all different cobalt-doped xerogels.
These results suggest that material with low cobalt content the formation of a mixed matrix of polymeric silica and cobalt oxide particles will be more dominant than the formation of crystalline Co 3 O 4. Contrarily, at high cobalt content certain amounts of the cobaltimpregnated in the silica matrix form crystalline Co 3 O 4 , along with the interaction between the ionic metal as Co 2+ and the siloxane matrix as reported elsewhere [45] . 
Micropore Structure
Textural properties were determined using N 2 adsorption isotherms at -196 ºC. Table 3 represent the parameters obtained from the N 2 adsorption data for the Co-X% MTES samples calcined at 400 °C and 600 °C. Table 4 represent the compilation of structural parameters for the samples MTES-X% Co calcined at 400 °C and 600 °C.The total pore volume, V T , was obtained from the amount adsorbed at a relative pressure (P/P₀) of 0.99 while the surface area was obtained by application of the BET (Brunauer, Emmett and Teller) method to the nitrogen adsorption data [51] . Micro-and mesoporosity were discriminated using the t-plot method [52] . The pore size distributions (PSD) were calculated by applying the NLDFT model to the nitrogen adsorption data at -196 ºC based on a cylindrical pore model [53] .
Figure 5a and 5b show the N 2 adsorption isotherms for the Co-X% MTES calcined at 400 °C and 600 °C, respectively. In Figure 5a , all isotherms exhibit the characteristic Type I isotherm with a knee at low relative pressures (P/P 0 < 0.1) where occur the majority of pores filling, which is characteristic for microporous materials [54] . At higher relative pressures (P/P 0 > 0.4) the isotherms of samples Co-60% and Co-80% MTES present a positive slope which will most probably correspond to the adsorption in the external area of the samples [55] . The trend is quite clear in the variation in the amount of nitrogen adsorbed which is related to the limiting capacity for each sample. This is mainly dependent on the available micropore volume (rather than the internal surface area) where the interaction between adsorbent and adsorbate occurs. Furthermore, a decrease in the micropore width results in both an increase in the adsorption energy and a decrease in the relative pressure at which the micropore filling occurs (narrow knee in the isotherm) [56] . Apparently, Co-20% and Co-40% MTES samples exhibit a broader knee in the nitrogen isotherm at low relative pressure whereas as the amount of MTES increases, gives rise to a partial blocking/narrowing of the micropores, accompanied by smaller surface area. In fact it is a general trend for organic templated xerogel that the incorporation of organic template results in decreasing the surface area [8, 27, 57] . On the other hand, Figure 5b shows the N 2 adsorption isotherms Co-X% MTES calcined at 600 °C. At this temperature a high ratio of the decomposition process occurred (see also TGA results). No difference in the isotherm type is observed with regard to the samples calcined at 400 ºC. Raman et al. have reported in order to achieve molecular sieve silica membranes by organic template approach, the organic ligands must be uniformly incorporated in the inorganic matrix without aggregation or phase separation to avoid creating pores larger than the size of the individual ligands [34] . It seems that in excess of50% TEOS: 50% MTESmolar ratio occur a non-uniform incorporation of the organic template in the silica matrix. This could be a possible hypothesis for the behavior of the isotherms of samples Co-60% and Co-80% MTES calcined at both temperatures. Figure 6a and 6b represent the N 2 adsorption isotherms for the calcined MTES-X% Co samples at 400 °C and 600 °C respectively, using semilog plots to magnify the micropore adsorption region. The isotherm type, which present a high amount of N 2 adsorbed at low relative pressure and is a behaviour of microporous materials, is the same for samples calcined at these two temperatures [54] . The nitrogen uptake is lower for the samples calcined at 600 ºC. This is due to the higher densification of the silica matrix that occurs at this temperature. As the amount of cobalt increases the isotherms show a slight uptake increase at relative pressure of 0.4 which could be attributed to the presence of crystalline Co 3 O 4 .Esposito et al.confronted the adsorption isotherms of cobalt-doped silica samples with up to 30% mol, obtaining as well large adsorption volumes at P/P 0 > 0.4 which increased with cobalt content [45] . Figure 7a and 7b show the PSD for the Co-X% MTES calcined at 400 °C and 600 °C, respectively. It can be observed that samples calcined at 400 °C are microporous or bordering the mesoporous region, exhibiting an average pore width between ~ 0.7 and 1.7 nm for Co-20 and Co-40% MTES, between ~ 0.7 and 1.3 nm for Co-50 and Co-60% MTES, and a peak at ~ 1.3 nm for Co-80% MTES. Samples calcined at 600 °C are exhibiting an average pore width between ~ 0.7 and 1.1 nm. This corresponds to the pores filling at low relative pressure leading to a narrow PSD. For Co-X% MTES calcined at 400 °C where X > 50 mol%, peaks over 1 nm broaden, more apparently for Co-80% MTES, which is due to the increasing of the organic template content. This is in good agreement with the PSD results reported in the literature [28, 57] . The peak over 2 nm could be attributed to the fact that silica materials possess wider micropores and mesopores as well. A higher template concentration induce the collapse of the xerogel matrix due to capillary stress which promotes dense xerogels and a broader PSD [57] . Figure 8a and 8b show the PSD, displayed as semilog plots, of the calcined MTES-X% Co samples at 400 °C and 600 °C, respectively. As it can be noticed all samples are microporous or border the mesoporous region, exhibiting average pore widths at about 0.8 nm, 1.1 nm (more apparently for 3%-Co) and 1.4 nm for samples calcined at 400 °C, and at about 0.8 and 1.1 nm at 600 °C. The supermicroporosity (1,5-2 nm) observed could be attributed to the presence of cobalt in the oxide form as reported elsewhere [45] . However, the PSD results could differ somewhat depending mainly on the model used for the PSD determination
The calcination process provides organic matrix densification due to the reduction in silanol groups and also thereduction in the micropore volume, micropore area and surface area. This process leads to the burnt off the methyl ligands and, as a consequence, continuous condensation reactions replace the lost of carbon with hydroxyl and/or siloxane bonds. This leads to the creation of a continuous microporous network which depends on the uniform incorporation of the organic templates [34] . The structural changes observed in this study are collected in the Table 3 and 4. The N 2 adsorption isotherms show a knee at low relative pressures (P/P 0 < 0.1) which is a characteristic of microporous materials. This indicates that further densification can occur for Co-X% MTES, and hence a continuous network of micropores can be formed even at temperature higher than 550 °C [34] . These changes are observable when comparing the samples calcined at 400 °C and 600 °C. This is quite clear in the PSD curves; Figure 7 , where the peaks over 1.1 nm are not observable for samples calcined at 600 °C as a result of the heat treatment which reduced the micropore volume. Sample Co-20% MTES calcined at 600 °C still showed some peaks over 1.1 nm but with very small height. Thus, it is supported the hypothesis of silica densification because of the heat treatment that leads to a reduction of the pore volume. Those changes in a structure were studied also by Raman et al. [34] . In fact, the PSD for Co-80% MTES calcined at 600 °C changed and the heat treatment could be a possible reason of that change. These results indicate that microporous network formation as well as further densification can occur at higher temperature compared with non-doped materials [28, 34] . Such difference is the consequence of the high thermal stability and the organic templates removal at high temperature shown by the material essayed in this work.
In general, as can be seen in Table 3 the micropore area and micropore volume decrease as the MTES content increases, accordingly to the result of Diniz da Costa et al. [28] and Fahrenholtz et al. [58] . The increase in the MTES content leads to the collapse of the xerogel matrix and promotes denser xerogel formation and lower pore volume [28] , which has been attributed to the lower reaction kinetics during gelatin and ageing, and the longer duration of these steps [57] . Non-doped MTES templated silica xerogels showed larger percent of micropore area reduction. For instance, 30 and 40 mol% MTES/TEOS xerogels gave a micropore area reduction of about 57% and 51% by heat treatment from 400 °C to 550 °C and 450 °C to 500 °C respectively. The samples in the present study have higher MTES content, which should lead to a deeper collapse of the silica structure [28] . Nevertheless, they show smaller reduction in the micropore surface area, although the temperature range is higher (from 400 °C to 600 °C). Table 4 it can be seen that the difference in cobalt content do not lead to a dramatic change in microporous and total areas and pore volumes. The most different at both calcination temperatures is 3%-Co which has lower BET area and higher micropore area than the other, with the exception of 5%-Co calcined at 400 ºC that has more micropore area and volume. This could be attributed to the fact that the dominant case for 3%-Co is the formation of the strong framework due to the Si-O-Co linkage, whereas the dominant case for higher cobalt contents is the crystalline structure. In general, due to the metal-doping process, the surface area and micropore volumes should reduce as the metal content increases. Generally the metal content, especially in the oxide form, have low surface area as compared to polymeric silica [45] .The obtained results show no significant effect of the amount of doping cobalt at each temperature, despite that the 3%-Co sample deviates from the other samples,i.e. has lower BET area and higher micropore area. It suggest that over 3%-Co the cobalt particles, in oxide form, were homogeneously dispersed in the hybrid silica matrix. Similar case have been reported concerning investigation the effect of iron oxide embedded in conventional silica matrices [59] . In addition, this supports that cobalt composite with the silica matrix results in the formation of Si-O-Co linkage for the 3%-Co sample.
From the data in
The calcination temperature has a larger impact than the cobalt content. The structural changes observed in the samples with different cobalt content are similar to those with varying MTES content. In general, the average of the narrow PSD is still quite constant for the different cobalt contents at each of the calcination temperatures. The biggest change in the micropore surface area exhibits 5%-Co sample, which isfrom 24% after calcination at 400 ºC to 35% at 600 ºC. The similarity of textural parameters among 5-10%-Co samples calcined at 600 ºC indicates that the cobalt-doping process apposed greater collapse of the silica structure and this could be attributed to the homogeneous dispersion of the cobalt oxide within the silica matrix. Obviously, the constant content (3 wt%) cobalt doping process has no effect on the uniform incorporation of organic template. On the other hand, this process improved the thermal stability for the whole xerogel network comparing with the non-doped xerogel and provides an enhanced beneficial structural stability [8] . These micropore results strongly suggest that a cobalt-doped methylated microporous silica xerogels were successfully achieved in the present study by sol-gel method, although some supermicroporosity was observed. In addition to that, the narrow PSD suggests that these xerogels can be used as precursor materials for molecular sieve silica applications. In a field such as gas separation involving large molecules and small diffusing molecules; these materials with supermicropores may facilitate the transport of gas molecules towards narrower pores of the silica membranes. In fact the actual values of the pore width interval of the unsupported cobalt-doped methylated microporous silica may differ somehow from the supported one as well as the actual separation behavior.
Gas Permeance of the Tubular Hydrophobic Membranes
Based on the results obtained in the aforementioned, Hyd-Si membrane (M1 membrane) and Hyd-Co-Si with 3%-Co (M2 membrane) were prepared by coating on inside γ-Al 2 O 3 /α-Al 2 O 3 supports under normal conditions. Membranes performance was characterized by means of single gas permeation in order to determine the main gas transport mechanism. The permeanceat ∆P=2 bar for both modified and unmodified material, shows a decreasing trend as a result of increasing temperature for all measured gases. For example, H 2 permeance of membrane M1 decreases from 9E-08 to 8E-08 mol.m -2 .s -1 .pa -1 (from 25°C to 150°C). This result is a consequence of the morphology of the final membrane. Figure 9 displays the permselectivity for the probing molecules. The trend is clear in the permselectivity difference between the both membranes. This can be related to the lower number of defects or pinholes of M2 compared with M1.
M2 shows higher selectivity compared with M1 due to the fact that its permselectivity exceed the Knudsen values, and also it has a lower number of defects in the separation layer. The only exception is that M2 shows lower selectivity or exactly Knudsen selectivity for H 2 /He. This selectivity is approximately constant with increasing temperature. Both membranes show high selectivity with increasing temperature, however, M1 selectivity is approximately on the boundary of Knudsen values. At low temperature, M1 selectivity is lower than the Knudsen values which can be attributed to the influence of viscous flow. Besides, the surface diffusion effect cause that permselectivity results exceed or are on the boundary of the Knudsen values. The reason of low permselectivitiy values is related with the type of support used for the membrane preparation. Low selectivity was also reported using the same type of support for the preparation of carbon molecular sieve supported membranes where the presence of defects avoided observing the characteristic molecular sieving mechanism of carbon molecular sieve membranes [60] .The influence of the support in the final membrane properties is discussed at the end of this section. Although the obtained results indicate that these membranes are nondefect-free, the novel silica material can be used in the preparation of silica membranes for gas separation. In a previous work, we demonstrated the lower microporosity achieved after Co incorporation into the Hyd-Si material [8] . This explains the higher separation properties of M1 comparing to M2 membrane. The use of support with more microporous part could be the way to improve a selectivity of the membrane. The Knudsen permeance is given by eq. 1
where Q is the permeance (mol.m -2 .s -1
.Pa -1 ), ε the porosity, dp the pore diameter (m), τ the tortuosity, L the membrane thickness (m), R the gas constant ), T the temperature (K), and M the molecular weight (kg mol -1 ). The Knudsen diffusion equation predicts that gas permeance will have an inverse square root dependency on both the molecular weight and temperature. The permeance data are plotted vs. the inverse square root of the molecular weight at different temperatures for M1 and M2 in Figure 10 . A good fit to linear regression is obtained (r 2 = 0.917 to 0.993) for M1 and (r 2 = 0.997 to 0.999) for M2. This indicates that the main transport is Knudsen mechanism and this is what was expected [61] . Moreover, the permeance data are plotted vs. the inverse square root of the temperature, (data not shown) evidenced the temperature influence on the whole transport mechanism of the membrane [60] . In addition to that, the apparent activation energy can be calculated from fitting the experimental data to an Arrhenius equation (2) .
Where Q is the gas permeance, Q 0 the preexponential factor (mol.m -2 .s -1
.Pa -1 ), Ea the apparent activation energy (KJ mol -1 ), R the gas constant and T the absolute temperature (K). The fitting results and associated Ea are listed in Table 5 together with some data on silica/modified silica membranes that have been prepared by sol-gel and reported elsewhere [50, 62, 63] .
The increase of permeability with increasing temperature leads to negative activation energies; therefore, the gas transport is not controlled by activation mechanism. This indicates compatibility with several transport mechanism such as viscous, Knudsen or surface flow, except from molecular sieving mechanism that is unable to describe the experimental results [64] . A similar trend was reported for carbon molecular sieves membranes coated onthe same type of support. Briceño et al, also reported negative values of Activation energy for a carbon molecular sieve supported membrane due to the presence of defects [60] . After coating with PDSM it was possible to reduce the effect of viscous flow by some defects undetected by visual inspection. These negative values of Ea can be obtained if the gas molecules and pore wall interaction are varied by changes in surface polarity and pore size diameter. The same trend was reported for carbon membrane and microporous silica membrane [60, 62] . Subsequently, the possible hypotheses for the obtained results concerning the permeation of M1 and M2 are:
•
The membrane support has a significant effect on the whole transport mechanism due to the way of support modification and membrane preparation that do not lead to highly microporous silica membranes.
• The possible mechanisms are viscous flow, Knudsen diffusion and surface diffusion and/or adsorption.
The support performance can be governed by Knudsen and viscous flow, while the surface diffusion is almost associated to the temperature effect on the microporous domain. The cohabitation of more than one mechanism to govern gas transport was reported elsewhere [60, 65] . In some cases, especially at low temperature, the gas adsorption and diffusion can exist with the predominance for adsorption as reported for nanoporous carbon membranes [66] . Generally, it can be observed that the hydrophobic membranes prepared by that way seem to not be strict microporous membranes with Knudsen or molecular sieving properties. Thus, the transport properties obtained would correspond more likely to a transition flow, which occurs when viscous flow and Knudsen diffusion both play a role [64] . However, as first approach, for the novel supported silica membrane presented in this study, we can conclude that the cobalt-doping within the hybrid silica material leads to better membrane performance compared with the non-doped silica membrane, regarding the selectivity and the permeation data that were obtained, in the case of preparation under normal conditions. Moreover, it is considered as simple and cheap way for support modification as well. It should be taken into account the fact that the support plays an important role in the final properties of the membrane, the new material can works in different supports for different needs in gas separation. Recently, Barma et al. reported the importance of the support structure in the fabrication of defect free membranes. The quality of the support determines the final performance of silica membranes [67] .
CONCLUSIONS
Novel organic templated silica xerogels with improved thermal stability were prepared by the sol-gel technique.Metal-doping process improves the thermal properties of the silica matrix which is attributed to the strong framework based on the formation of Si-O-Co linkages. The presented results shows that the thermal stability of the cobalt-doped organic templated silica xerogels was enhanced up to a range of ~ 500-600 °C in oxidizing atmosphere, regardless the MTES content, compared with the non-doped organic templated silica xerogel as reported in the literature. Increasing the calcination temperature from 400 to 600 ºC led to textural changes such as a decrease in the BET area and micropore area and volume. Calcination at 600 °C resulted in samples with similar textural for cobalt content from 5 to 10% wt., suggesting that the cobalt particles were homogeneously dispersed in the silica matrix and opposed to the silica structure collapse. The doping process had no significant effect on the incorporation of the organic template within the silica matrix. The cobalt-doped methylated microporous silica xerogels exhibited trend toward micropores formation along with some supermicroporosity was observed.
Because of the large pore size of the support, preparation under normal conditions led to non defectfree membranes which have an effect on the gas permeation. In that later case, the gas transport in the membranes is governed by the coexistence of more than one mechanism, such as Knudsen and viscous flows, which are related to the mesoporous part of the structure as a consequence of low quality support, while surface diffusion is closely related to the effect of temperature on the microporous domain. Thus, such kind of reported highly thermally stable and microporous tubular silica membrane (novel hydrophobic cobalt-doped silica membrane) with selectivity that exceed Knudsen or on the boundary of Knudsen values could be a good candidate among existing membrane materials for separation process. To that respect, the separation of hydrogen from larger molecules such as hydrocarbons could be more favorable with the membrane investigated in this work; however the type of application must consider the improvement of the support. The results obtained demonstrate the potential of high thermally stable materials that can be precursor materials for molecular sieve silica membranes applications.
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